Kozak I., Węgiel A., Strzeliński P., Frąk R., Stępień A., Kociuba P., Kozak H.: FORKOME model application for prognosis of forest fires. Ekológia (Bratislava), Vol. 33, No. 4, p. 391-400, 2014. This paper presents the perspectives of FORKOME model use regarding the simulation of fire and its impact on forest stands. The calculation of probability of forest fires and predicting its effect on forest stands are analysed as well. The model is supposed to examine the impact of fires on pine stands, which ultimately leads to a decline in the viability of those trees. As a result of fire activity, there were determined the following categories of trees -undamaged, slightly damaged, heavily damaged and destroyed. Moreover, by conducting simulations on forests with Scots pine (Pinus sylvestris L.), there were demonstrated the possibilities of FORKOME model practical application. Simulation shows the possibility of the model to predict the fire damage in a particular year and the perspective of a stand development, taking into account climate change and its influence on the frequency of fires. Prospects and directions of further developments of the model concerning simulation of fire in forest stands were discussed as well.
Introduction
In boreal forests, fire is the most important disturbance agent that shapes the structural, compositional and functional diversity of these ecosystems in natural landscape dynamic (Linder et al., 1997; Hunter, 1993) .
A special category of models, called landscape fire succession models (LFSMs), has been applied to a spectrum of problems based on a variety of conceptual approaches and a wide range of solution techniques (Keane, 2004) . The diversity of these models has created its own problems, including difficulties in comparing results among different ecosystem types and disturbance regimes, as well as the selection of the most appropriate model to use in a new geographical area or landscape setting. The diversity of models and their applications also hinders a decision on which landscape and ecosystem process, along with the level of par- Vol. 33, No. 4, p. 391-400, 2014 doi:10.2478 /eko-2014 ticularity used to represent them, is the most suitable for comprehending fire effects.
Therefore, it would be useful to rely on FORKOME model validation, performed on basis of data from Helgedomen Nature Reserve (HNR), in order to predict (with a certain probability) fire outbreaks (Kozak et al., 2012) . There are two aspects related to that issue. The first one is the prediction of the fire outbreak, which in FORKOME model depends on temperature and precipitation factors while the second aspect is an estimation of losses in stands, which were caused by the fire.
On the basis of empirical data, the prediction of stand development, while taking into account aforementioned aspects, is extremely difficult to conduct (Pennanen, Kuuluvainen, 2002) . Therefore, a computer model, which was created for particular conditions, can be applied in this type of analysis. Such a model can predict structure of stands as well as prevailing relations and connections in a particular stand. Such a model would allow for an early warning about the high probability of a fire and consequently would assess the potential damage. The model, therefore, would enable to carry out specific preventive activity in order to reduce the risk of natural disasters. With the use of prescribed burning simulation, for instance demonstrated in FORKOME model, is it possible to provide a more effective regeneration of Scots pine (Pinus sylvestris L.). Meanwhile, the implementation of empirical results to the model will increase the potential of its practical application, especially in prescribed burning scenario. The following notion was also confirmed by empirical enhancement of Scots pine regeneration in Scotland (Hancock et al., 2009 ).
The FORKOME model (Kozak et al., 2007 (Kozak et al., , 2012 , which contains elements of both ecological and growth yield strategy, has been specially designed for Swedish conditions (Kozak et al., 2012) . The article presents the results of FORKOME model validation, conducted with the use of historical data from the HNR in Sweden on mixed stands with pine and consequently was used to prognosticate the future role of Scots pine (Pinus sylvestris L.), taking into account fire factor.
The purpose of this article is to demonstrate, by applying FORKOME model, the results of fire outbreak prognosis, which mainly depends on temperature and precipitation conditions, as well as to estimate the losses in the stand that the fire provokes.
Material and methods
The study site of HNR is located in the south-central part of Sweden (40 km to the north from Orebro). It has been a protected area since 1937, as an, especially, designed set-aside area located within intensively managed forest area owned by the state. In 1996, it was transformed to a reserve with the main purpose of conserving the dominating old pine stand, with long temporal continuity.
The area of HNR is 26 ha and consists of forest (about 10 ha) and mires (about 16 ha). In this study we analysed, with the use of the FORKOME model plots, forest stands of the reserve located on mineral soil 33, 35, 36, 38, 56, 57, (58) (59) (60) 61, 63) . Within each of the 15 analysed stands, up to 4 sample plots (each of 25×25 m in size) were examined. In each plot all living trees, snags, stumps and logs with a diameter larger than 4 cm were measured and mapped. The height of all living trees was measured as well. Seedlings, defined as tree specimens of between 0.1 and 1.3 m in height, were also mapped. Soil depth, texture and moisture conditions, existence of subsurface water flow and ground vegetation types were analysed for every individual plot. The data taken from each of those plots regarding DBH (diameter at breast height), height and crown projection of each living tree was applied to initialise the simulation, parameter estimation and model calibration.
The FORKOME computer model belongs to the same type of gap models as JABOWA (Botkin et al., 1972) , JA-BOWA 3 (Botkin, 1993) and FORET (Shugart, West, 1977; Shugart, 1984) models. Because, this model was already analysed in details in previous publications (Kozak, Menshutkin, 2002; Kozak et al., 2003 Kozak et al., , 2007 Kozak et al., , 2012 , only a brief description of the model regarding the fire agent is required here. In its current version, the FORKOME model (written in DELPHI language) contains also a recently introduced fire block. As a result, it is possible to simulate potential changes caused by its activity and finally predicted through simulation the impact of fires on forest conditions and stand regeneration. The predicted impact of fire is based on DBH, height of flames, wind velocity, temperature, fire intensity and the degree to which trees are mineralised. It relates to the trees, understory and forest floor (Sidoroff et al., 2007) .
Temperature and precipitation play a fundamental role in determining the level of fire risk. Therefore, the algorithm predicting the outbreak of forest fire was based on the activity of the blocks TEMP and PRECIP. In FORKOME model, in order to determine the probability of fire outbreak on the analysed area, there were used the upper and lower limits for both the annual total temperature (DGD max , DGD min ), as well as for the annual total precipitation (PRECIP max , PRECIP min ). The introduction of these limit values allowed for distinguishing different types of climate, out of which a key role was played by the extreme scenarios: cold -wet and hot -dry. The exact values of DGD max , DGD min , PRECIP max , PRECIP min can be entered by the user of the programme.
The model assumes that the risk of fire is very low (P = 0.01) if the climate in the ith year of the simulation is cool and wet, therefore the assumption is fulfilled:
Similarly, the risk of fire is very high (P = 0.99) if the climate in the ith year of the simulation is hot and dry, therefore the assumption is fulfilled:
Thus, in each of the extreme scenarios an element of uncertainty is assumed, because for instance even in the hottest and driest climate conditions, forest fires may not occur.
In other cases, it is assumed that the probability of fire is expressed by the equation:
Consequently, the main factor that determines the value of P is x, which is expressed by various values, depending on the case concerned (2, 3, 4), however it always accepts a value from 0 to 1. Therefore, there were carried out modifications to the result of probability of forest fire P, so that its values were always contained in between 0.01 and 0.99, because these are values of probability limits adopted in the model.
The most complex is the situation when DGD and precipitation in the year i of the simulation are among values of limits:
Then we assume that the coefficient of x is given by the equation:
The probability of fire outbreak increases along with the increase in temperature and decrease in the amount of precipitation. In addition, in the formula (2) the coefficients of a, b are determinant values that decide which of the factors (temperature or precipitation) is more significant on the particular area in terms of fire outbreak. These conditions may vary among different types of forest habitats, depending on their exact specificities. In order to determine that data, there is a need for an additional statistical analysis of empirical data. Therefore, the user can introduce his own parameters of a, b, according to the information from the analysed area. If there is no additional data and conducting the appropriate analysis is not possible, a default case is assumed, which equalises the effect of temperature and precipitation (a = 0.5, b = 0.5).
There are still cases where one of the parameters (DGD i or PRECIP i ) exceeds the limit values and the second parameter is between the limit values. Then, it is assumed that the effect of the exceeding parameter on the probability of fire outbreak amounts respectively to 0 or 1, depending on whether the minimum value or the maximum one was exceeded:
If in a given year of the simulation the fire outbreaks in the stand, the main purpose is to determine the potential damage it may cause. The FORKOME model is based on a damage of an individual tree in the test stand (S). In this regard, the logistic regression equation was used:
Ratio S has a value ranging from 0 to 1, depending on the value of k. Factor k is a function of several variables from the equation:
Equation (6) is an empirical model (linear regression), where the variables x 1 , … , x n are variables statistically significant for a specific tree damage caused by fire. In FORKOME model, the user can select elements available in the model (e.g. diameter at breast height, height, thickness of the cortex, etc.) and then enter the values of the corresponding coefficients B 0 , B 1 , …, B n , that are derived from the regression analysis previously conducted on the basis of empirical data. If the following analysis cannot be carried out, such an analysis is assumed by default coefficients, deduced on the basis of available literature, published data from the forests of southern Finland (Sidoroff et al., 2007) . In this case, the following factors are relevant in terms of damage caused to the individual tree by the fire: diameter at breast height (DBH [cm]), bark thickness (BT [cm] ) and the degree of tree trunks burns (CSR):
Because both of these relations are statistically essential (Sidoroff et al., 2007) , FORKOME model accepts the arithmetic average of the results as the default value:
The degree of trunk burns is a variable calculated from the approximate height of fire flames (H f ) and wind velocity within the stand during the fire (V W ) (Sidoroff et al., 2007) :
H f and V w parameters are defined in FORKOME model by a normal distribution, however their scope is inflicted by the user for both parameters that form the mean value and standard deviation.
Finally, for the scale of damage to a single tree (S), FORKOME model provides the following interpretation: In addition, when the tree is damaged (12, 13), FORKOME model allows for determining its degree of damage (U) on the basis of the scale of damage (5) and provides the result in a percentage:
It is assumed that a damaged tree grows slowly. As a consequence, in FORKOME model a specific tree growth is reduced, depending on the degree of the damage (15), in the course of 5 years since the fire outbreak. The probability of mortality for damaged trees increases as well.
Results
Pine stands were used in order to verify the FORKOME model for the prognosis of the fire impact on forest areas. In FORKOME model there was presented one example ( Fig. 1 ) of forest patch of sizes 25×25 m, that consisted of 40 trees (Fig. 2) belonging to three species: Pinus sylvestris, Picea abies and Betula pendula. What concerns the forest area, two simulations were conducted. In the first one, the model launched a simulation on forest fire in a particular year, while the second one provided a long-term prognosis taking into account only natural fires and different climate scenarios.
In FORKOME model it is possible to provoke a forest fire outbreak on selected parameters in a particular year of the simulation. Therefore, in order to verify the model, in the first year of simulation there was triggered a 'simulated controlled fire' . As parameters, there were adopted fire flames height of H f = 1.5 m with a standard deviation of 0.5 m, and wind velocity of V w = 5 m/s with a standard deviation of 1 m/s.
Fire embraced mainly understory and forest floor. In the case concerned, the parameter limits of DGDmin , DGD max , PRECIP min , PRECIP max were of no significance, because the probability of fire outbreak was of 100%. The result of area conditions (after the fire outbreak) in the first year of simulation in FORKOME model is presented in Fig. 3 .
It can be noticed that, due to the fire, there were damaged primarily the smallest trees, such as birch and spruce, what is a result of its low height (defined height of flames). In the final image, destroyed or heavily damaged (over 65% damage) trees are presented as withered trees. Accurate simulation results can be seen on Fig. 3 , where the characteristic of stand damage is shown. In that particular manner, it is possible to distinguish degree to which individual trees are damaged, and the number of trees that were completely destroyed by the fire.
Out of 40 trees existing originally in the beginning of simulation, only 26 of them (spruce and pine species) have survived the fire, while 22 out of those 26 belonged to spruce species and were heavily damaged. For instance, the damage degree of spruce ranged from 56% to 75%. According to this percentage, it means that damaged trees are likely to die in the near future. The fire practically did not damage the four of the oldest pine trees (Fig. 4) .
The accurate result of the simulation includes, among others a characteristic of damages of the stand, such as the parameters value that include: DEGDAY = 1375°C, PRECIP = 500 mm, fire probability = 1, CSR = 0.36 and the number of trees destroyed by the fire.
In the case of long-term prognosis of stand growth, there should be taken into account an agent of natural forest fires, in order to set climate scenarios. It was assumed in the model that the simulation deals with changing climate conditions.
There was introduced a fixed scenario of a gradual transition of climate from warm and humid in the 0 year of the simulation (DGD 0 = 1500°C, PRECIP 0 = 550 mm) into warmer and drier during the entire simulation ( Figs  5, 6 ). Both the distribution of the annual total effective temperature (DGD) for the growing season, as well as the annual amount of precipitation in each year of the simulation was generated stochastically according to a normal distribution, with the mean and standard deviation entered by the user. Moreover, the model permits the user to introduce a trend of changes, by gradually increasing or decreasing the mean value parameter in a particular period of time. Fire parameters have been set as in the previous case, when the fire was 'artificially' provoked. This was followed by the stand development prognosis during the period of 50 years. Fig. 3 . The result image of the area in FORKOME model simulation (after the fire). Fig. 4 . Parameters of the stand in the first year of FORKOME model simulation (after the fire). Fig. 5 . Temperature changes scenario in the FORKOME model. Fig. 6 . Precipitation changes scenario in the FORKOME model. Fig. 7 . Prediction of the number of trees in FORKOME model. The result of conducted simulations can be summarised by the following statements: (a) during the simulation of the next 50 years, forest fires occurred four times (years: 2, 16, 36, 47); (b) the simulation shows an increasing probability of fires, with about 37% at the beginning up to about 70% in the end; (c) fires outbreaks have negatively affected the number of trees, causing damage and weakening, and consequently the increased mortality of these trees may be noticed (Fig. 7) .
Additionally, the application of FORKOME model in prescribe burning simulations predicted the increase in biomass and number of birch trees. However, what concerns pine species, its total biomass may increase up to 98 t·ha -1 .
Discussion
The article presents the perspectives for the application of FORKOME computer model in prognosis of the impact of natural disturbances on pine forests. The FORKOME model, in its latest version, includes a recently created and constantly developed block of forest fires. As a result, it is possible to simulate potential changes caused by fire activity, and thus predicted the impact of this disturbance agent on forest conditions and stand regeneration by conducting simulations on the issues concerned.
The FORKOME model predicted that the overall mortality of trees increases for younger individuals and decreases for those of greater size. This is a consequence of a decreased bark thickness and crown base height of species (Angelstam, Kuuluvainen 2004) . Old trees with a thick bark usually survive fire, although damages caused by the fire are common as a result of cambium damage at the base of the trunk (Parviainen, 1996) . The following conclusion confirms the experimental results of other authors (de Ronde, 1982; Swezy, Agee, 1991; Sidoroff et al., 2007) .
The resulting scale of damage depends on fire and stand conditions, such as height of fire flames, type of tree wood (coniferous or deciduous), size of tree individuals and bark thickness. The result of the simulation (where despite of being heavily damaged, spruce individuals have survived) indicates the need for improving the current version of the FORKOME model, by adding a module which would enable simulating the dynamic of fire spreading.
The result of simulations shows that during the 50-years-simulation period forest fires occurred more often and that there exist an increased probability of fires, which have negatively affected the number of trees, causing their damage.
Based on a long-term simulations carried out in FORKOME model it can be concluded that the mortality of trees is caused by the fire, meaning that fire may severely damage its trunk (coefficient CSR). These damages do not destroy an individual tree immediately, however may contribute to its death within a few years after the fire occurred. This notion may be affirmed in the literature on the matter concerned (van Mantgem, Schwartz, 2004) .
A severe damage caused to the crown layer by the fire may be also considered as an important cause of tree mortality (Peterson, Arbaugh, 1986; Ryan, Reinhardt, 1988 ). In FORKOME model simulation, the fire did not damage the oldest pine trees. Analogical data was elaborated on the territory of central Siberia (Wirth et al., 1999) , where it was found that fire caused death of all 18-year-old trees (DBH <10 cm), nevertheless none of the individual trees in a contiguous 235-year-old stand (DBH range of 10-50 cm) died. Wirth et al. (1999) concluded that trees younger than the age of 20 die due to any fire, while a selective mortality regards stands that are between the age of 20 and 100, without modifying its structure, and survival of trees is nearly complete in stands older than the age of 100.
Trees damaged by the fire had alterations that were visible not only in a visual appearance but also in the values of biometrical and thermal parameters, in particular an increased degree of damage of a tree leads to a reduction in its needle mass (Kuzyk, 2012) . Consequently, it is essential to develop a module that simulates the dynamic of fire spreading, taking into consideration different types of fires. In this case, FORKOME model can be of great use in a perspective of prognosis of prescribed burning in forest areas.
As a result, it is planned to modify the model parameters from a single stand cell into cells covering a large area of forest. The following alteration means a need in combing the FORKOME model with CELLAUT model, proceeding in accordance with the cellular automata theory (Kozak, Menshutkin, 2002) . This will enable the prognosis of the manner in which the fire spreads over a large area of forest. In this regard, the application of FORKOME and CELLAUT models in the field of spatial planning may be considered as an example of this combination (Kozak, Menshutkin, 2002) .
Conclusion
Changing climate phenomenon causes intensification of disaster occurrences in forest areas. Probability of fire outbreak will rise along with an increase in temperature and decrease in precipitation. Therefore, the recently generated disaster block in the FORKOME model is becoming ever more vital. The described approach allows for the evaluation of an approximate risk of damage to individual trees and the degree of damage to the stand, as a set of trees. Awareness of the damage risk to the individual stands will enable to undertake the precautionary measures and limit the impact of the disaster.
The recently developed FORKOME model has been so far successfully applied in various studies to simulate the growth of the stand. The current results are promising. Analysing the structure of tree damage caused by the fire finds its confirmation in the literature on stand fire. FORKOME model can be applied, among others in order to estimate the risk of fire occurrence and to evaluate the effectiveness of the applicable fire protection in a particular forest area. In future, the model could be used in order to assess the resilience of complex stands in larger areas. It is particularly essential to implement the analysis of entire forests (with CELLAUT model) and dynamic simulation of the fire spreading process.
